Research to date in young children and adults shows a strong, inverse relationship between sleep duration and risk for overweight and obesity. Fewer studies examining this relationship have been conducted in adolescents. The purpose of the article is to describe the relationship between sleep and weight in a population of adolescents, controlling for demographics, energy intake, energy expenditure, and depression. This is a cross-sectional study of 723 adolescents participating in population-based studies of the etiologic factors related to obesity. We examined the relationship between three weight-related dependent variables obtained through a clinical assessment and three sleep variables obtained through self-report. Average caloric intake from dietary recalls, average activity counts based on accelerometers, and depression were included as covariates and the analysis was stratified by gender and grade level. Our results show that the relationship between sleep duration and BMI is evident in middle-school boys (β = −0.32, s.e. = 0.06: P < 0.001) and girls (β = −0.18, s.e. = 0.08: P = 0.02) but largely absent in high-school students. Differences in sleep patterns have little association with weight in males, but in high-school girls, waking up late on weekends as compared to weekdays is associated with lower body fat (β = −0.80, s.e. = 0.40: P = 0.05) and a healthy weight status (β = −0.28, s.e. = 0.14: P = 0.05). This study adds to the evidence that, particularly for middle-school boys and girls, inadequate sleep is a risk factor for early adolescent obesity. Future research needs to examine the relationship longitudinally and to study potential mediators of the relationship.
INTRODUCTION
There is a growing literature documenting the relationship between sleep and obesity risk in adults and children. The link between sleep duration and obesity has been well established in adults although differential associations are often seen by gender. In men, the relationship appears to be negative and linear while in women the relationship between sleep duration and obesity risk appears to be more U-shaped (1-3).
Kingdom) were included in the meta-analysis. The conclusions of this meta-analysis were that, across the ages, for each hour increase in sleep the risk of overweight/obesity was reduced on average by 9%. However, a dose-response between sleep and overweight/obesity risk was seen only in children under the age of 10 and a stronger inverse relationship between sleep duration and overweight/obesity risk was seen in boys as compared to girls.
The meta-analysis also revealed that although the relationship between sleep and overweight appears strong in young children (even established through a longitudinal study showing short sleep duration at age 3 associated with obesity at age 7; ref. 5) , the association in adolescents is much less clear. The meta-analysis by Chen et al. (4) included eight studies examining the relationship in children aged 10 years and older. In three of the studies, the relationship between sleep and overweight/obesity was seen in boys but not in girls (6) (7) (8) and in two studies (9, 10 ) the relationship appeared to be strong only when sleep duration was at very low levels (≤6 h).
The meta-analysis documented some limitations in the current empirical research. Most of the research was cross-sectional, used convenience samples, used different approaches for classifying youth as overweight and obese, and relied on self-report assessment of sleep. In addition, although studies with adults examined sleep patterns and sleep problems, the majority of the research in youth focused on duration of sleep. Some of these limitations are inherent in population-based research, particularly the use of a self-report assessment of sleep. And some of the limitations, particularly the reliance on cross-sectional data, reflect the nascent nature of the research.
Another important limitation of the research is the lack of consistency with which covariates are examined. Because the mechanisms by which sleep and body weight might be related are poorly understood, consideration of potential covariates and confounders is very important. To date, there is little consistency with regard to the important covariates that should be examined as factors on the causal pathway between sleep and overweight or as moderators of the relationship. Previous studies have examined gender, socioeconomic factors, age, race, sexual maturity, caffeine, and being breastfed as an infant as covariates. Although energy intake and energy expenditure are the most proximal factors related to weight, most studies to date have used behavioral proxies representing intake and expenditure such as screen time or eating snacks and none have used objective measures of activity. Chen et al. (4) suggested that little attention has been paid to how depression may be related to the association. Depression is well known to affect sleep (11), obesity risk (12) and is a documented mental health issue for adolescents (13, 14) . Taheri (15) suggests a conceptual model showing the potential mechanisms through which sleep loss might result in obesity. Representing the energy expenditure side of the equation, this model shows sleep loss linked with obesity through a pathway that follows from low sleep to tiredness to reduced activity. Representing the energy intake side of the equation, the model suggests that sleep loss leads to more opportunities to eat and hence, higher caloric intake. Links between sleep loss, hormonal levels, satiety cues, and energy expenditure are also made in Taheri's model. Research that focuses on the mechanisms linking sleep with weight outcomes in youth is needed.
The purpose of this research is to examine the relationship between three indicators of sleep patterns (duration, sleep problems/night eating, and differing sleep patterns from weekend to weekdays) and overweight and obesity in a sample of adolescents. In addition to demographic factors, age, and pubertal status, we include estimates of energy expenditure using objective activity data collected from accelerometers, estimates of energy intake using 24-h recalls and a measure of depressive symptomology as potential covariates.
METHODS AND PROCEDURES

Study design and sample
This research uses a cross-sectional design and two samples of adolescents. The adolescent samples are from the Identifying Determinants of Eating and Activity (IDEA) study (NIH #1U54 CA 116849) and the Etiology of Childhood Obesity (ECHO) study (NIH 5 R01 HL085978); both studies are etiologic, longitudinal studies examining factors that may be related to unhealthy weight gain in youth (16) . Identical measurement protocol allowed us to combine these two samples increasing our potential power for understanding relationships. We used a recruitment procedure that targeted a range of overweight and healthy weight youth and parent members and that oversampled minorities. To be eligible for enrollment, youth were required to be current HP members, in grades 6-11 in the fall of 2007, residing in one of the randomly selected middle-or high-school districts included in the sample, have a parent willing to participate, and be willing to allow their names and contact information to be sent from HP to the study team at University of Minnesota for further eligibility screening, consent, and measurement. In both the IDEA and ECHO studies, youth were excluded from eligibility if they planned to move from the area in the next 3 years, had a medical condition that affected their growth, were non-English speaking or otherwise had difficulty comprehending English, or had any other physical or emotional condition that would affect their diet/activity levels or make it difficult to complete measurements. The human subjects committee at the University of Minnesota approved the study.
Measures
Measures were collected in a number of ways. Anthropometric data were collected at a clinical visit attended by the child and parent. At that visit, the child completed the student survey (without input from the parent) and received an accelerometer to wear and return via the mail. Dietary recalls occurred after the clinical visit through scheduled phone calls. Parents also completed a survey at the clinic.
Sleep measures
Sleep duration was assessed on the student survey by asking the youth "what time they usually go to bed in the evening (i.e., turned out the lights in order to go to sleep) and "usually get out of bed in the morning" on a typical weekday and weekend. These items, adapted from the Night Eating Questionnaire (18) , were used to compute average hours of weekday and weekend sleep and average hours of daily sleep reflecting sleep over the week. Similar sleep questions have been used successfully with adolescents in previous studies (19) (20) (21) . Sleep pattern variables were also calculated from the usual bedtime and wake-time questions. Bedtime difference was calculated by subtracting the time the adolescent went to sleep on the weekdays from the time he/she went to sleep on the weekends. This variable then represented the bedtime shift from weekdays to weekends with a larger number indicating a later bedtime on weekends. Wake-time difference between weekdays and weekends was calculated by subtracting the time the adolescent woke up on the weekdays from the time he/she woke up on the weekends. This variable represented the wake-time shift from weekdays to weekends with a larger number indicating a later wake-time on weekends. The total sleep difference weekdays to weekends variable was calculated by subtracting average weekday sleep duration from average weekend sleep duration to represent the difference between sleep duration on the weekends and weekdays with a larger number indicating a greater difference between hours of sleep on the weekends and weekdays (with a more positive number indicating more sleep on the weekends). The variable sleep problems/night eating was created using a score (range = 0-3) where a positive response to the following questions equaled a "1": Do you generally have trouble falling asleep?; Do you generally have trouble staying asleep?; and When you have trouble sleeping, how often do you eat something during the night? (0 = never or rarely; 1 = sometimes or often).
Body composition measures
BMI was calculated using objectively measured height and weight and transformed into ageand sex-specific BMI z-scores using Centers for Disease Control/National Center fo Health Statistics 2000 growth charts (22) . Overweight status was created from the BMI percentiles, and those adolescents at or above the 85th percentile were classified as overweight, while those below the 85th percentile were classified as nonoverweight. Percent body fat (PBF) was determined using a scale that measured bioelectrical impedance.
Energy intake
Each adolescent was asked to participate in three telephone-administered recalls that were collected using the Nutrition Data Systems software (Minneapolis, MN). Two recalls representing weekdays and one recall representing weekends were obtained from each adolescent. Two-dimensional portion size prompts were used to help the youth provide information on portion size consumed. The average number of kilocalories across the recalls (average daily calories) was used as a covariate.
Energy expenditure
Each adolescent was instructed to wear an accelerometer (model 7164; Actigraph, Pensacola, FL) for 7 days at all times during the day except when sleeping, swimming, or bathing. The monitor is an objective measure of physical activity and has been previously validated for use with children in laboratory and field settings (23) (24) (25) (26) . After data collection, each monitor was downloaded to a computer for subsequent data reduction and analysis. Average counts per minutes across the eligible days were used as a covariate.
Depression measure
Depressive symptoms were measured using the 6-item Kandel-Davies scale (27) . These questions asked the students to respond "not at all," "somewhat," or "very much" to questions that ranged from the extent to which, in the past 12 months, they felt bothered or troubled by feeling too tired to do things, feeling hopeless about the future, and felt sad, unhappy, or depressed (range = 7-21). The Cronbach's α for this scale was 0.78.
Demographic and pubertal measures
Data on socioeconomic status were obtained from a parent survey, and included the highest level of education for the parents who resided in the house and if the child qualified for free and reduced lunch at school. Race was reported by the child on the student survey. Pubertal development was measured with the 5-item self-report Pubertal Development Scale (28) . Pubertal development has been associated with sleep and weight (29, 30) .
Analysis
Cross-sectional regression analyses were conducted to determine the association between the measures of obesity and measures of sleep using PROC GENMOD from SAS, version 9.1 (31) to account for the potential clustering by school. Interactions by gender and grade level (defined as 5-8th grade compared to 9-12th grade) were also tested and found to be significant; therefore the analysis was stratified by gender and grade level. All final models were adjusted for race, parent education, free and reduced lunch status, pubertal status, depression, energy intake, and energy expenditure. Table 1 shows the univariate statistics for the total sample and by gender and grade level. Slightly >50% of the sample was female and in high school. It was primarily a white sample (85%) and ~25% of the sample were overweight or obese.
RESULTS
The total sample averaged 8.6 h of sleep per night over the week with more sleep (9.6 h) on weekends. Students went to bed and woke up late on weekends as compared to weekdays. The mean for the sleep problem/night eating variable was low at 0.9, with more than onethird (35.9%) of the sample reporting that they never had any sleep problems. On average, students had not reached sexual maturation but girls were more mature than boys. Girls reported significantly higher levels of depression, consumed fewer calories, and were less active as compared to boys.
There were many significant differences by grade level. The students in middle school were more likely to be classified as overweight or obese, reported longer sleep duration, more sleep problems/night eating, and higher levels of activity as compared to students in high school. Students in high school reported larger differences in their sleep patterns between weekdays and weekends, higher depressive symptoms and higher caloric intakes as compared to students in middle school. Table 2 shows the descriptive statistic stratified by both gender and grade level. For both males and females, there were highly significant differences between grade levels for all of the sleep duration variables with the average amount of daily sleep dropping by an hour between middle and high school. Sleep patterns also changed for both sexes from middle to high school with later wake times and bed times on weekend as compared to weekdays. Reported sleep problems/night eating decreased in girls in older grades. Depressive symptoms and calorie intake increased in both girls and boys while activity levels dropped between middle-and high-school samples.
The multilevel analysis examining the relationship between the three weight-related variables and the sleep variables stratified by gender and grade level, adjusting for demographic variables, depression, energy intake and expenditure are shown in Table 3 . After adjusting for covariates, a strong and consistent inverse relationship was seen between average daily sleep and weekday sleep duration across all three weight-related variables for boys in middle school. For PBF and BMI z-score the significant inverse relationship was also seen for weekend sleep duration in the middle-school boys. In addition, a greater difference in the time that middle-school boys woke up on weekends vs. weekdays was related to overweight status. No relationships were seen between any of the sleep-related variables and weight for boys in high school.
For females in middle school, an inverse relationship between average daily sleep and weekend and weekday sleep duration was seen only for BMI z-score. For girls in high school, the only statistically significant relationship seen between sleep duration and weight was a positive association between weekday sleep duration and risk for being overweight. In addition, high-school girls who woke up late on the weekends as compared to weekdays had lower PBF and were less likely to be overweight, while high-school girls whose sleep patterns differed the most between weekends and weekdays were more likely to have higher PBF and to be overweight.
DISCUSSION
This research adds support to the growing evidence that sleep is related to weight in youth. Our data further suggest that the relationships are moderated both by gender and grade level and that the relationship between sleep duration and weight is stronger in middle-school boys as compared to boys in high school. For girls in middle school, sleep duration is inversely related only to BMI z-score and there is minimal evidence for a relationship between sleep duration and weight in high-school girls. Sleep problems/night eating do not show up as being significantly related to any of the weight-related variables for any of the sample strata and differences in sleep patterns between weekends and weekdays seem to be most important in girls in high school.
To our knowledge, this is one of the first studies to control for both energy expenditure and energy intake in examining the relationship between sleep and weight, to examine multiple variables representing sleep and weight and to examine gender and grade level as moderators. We found that controlling for energy balance, depression, and demographic variables did not mitigate the relationship between sleep and weight. Also, although sleep patterns and sleep problems showed some relationships with weight, sleep duration emerged as a more robust sleep variable. Assessing PBF and weight status allowed us to pick up some associations with sleep patterns that did not show up with BMI z-score as our weight variable.
Our data showed a moderating effect by both gender and grade level. An inverse relationship in sleep duration and weight was seen in middle-school boys and girls but largely absent in high-school boys and girls. In middle-school boys, the relationship between sleep duration and weight was robust as evidenced by a statistically significant inverse relationship between average sleep duration and PBF, BMI z-score, and overweight status. In middle-school girls, sleep duration was negatively related to BMI but not PBF or overweight status. There were no statistically significant relationships between sleep duration and any of the weight-related variables in high-school boys. In high-school girls, we found a statistically significant and positive relationship between weekday sleep duration and overweight status. In addition, the only significant relationships between sleep patterns and weight was seen in high-school females. Significant sleep pattern differences and weight were largely absent in boys except for a positive relationship between wake-time differences and weight status in middle-school boys.
The mechanisms to explain these gender-and grade-level differences are not clear. The conceptual model proposed by Taheri (15) suggests that reduced activity caused by tiredness, increased food intake caused by more opportunity to eat, and metabolic hormones impacting hunger and appetite are the important factors linking sleep with obesity. The finding that the relationship between sleep and weight is robust even after adjusting for energy intake and expenditure suggests that there may be some metabolic factors at play that are independent of energy balance. Research documents a relationship between sleep loss and leptin, ghrelin, insulin, cortisol, interleukin 6, and growth hormones but it is not clear whether these hormones have a direct effect on metabolism or whether they impact food selection or activity choices (15) . It may be that lack of sleep is experienced as a biological stressor and that the body responds by conserving energy or that adequate sleep increases metabolic rate. Our research did not assess metabolic or stress hormones and future research with adolescents should add this assessment.
In support of the hypothesis that lack of sleep is experienced as a stressor, Chen et al. (4) report that a number of other youth-based studies have noted that the association between sleep and weight is stronger in boys than girls. They speculate that, from an evolutionary perspective, girls might be more resilient to environmental challenges as compared to boys and may better able to cope with reduced sleep without negatively compromising their health. Our differences by grade levels may suggest that older youth have adapted to the stress of lack of sleep better than their younger counterparts.
To date, the evidence linking sleep and weight is strong for younger children and adults and in this research we have found more evidence for younger adolescents as compared to the older adolescents suggesting a nonmonotonic relationship over the lifespan. Other research in adolescents also documented that the relationship between sleep duration and weight was stronger in boys than girls (5-8) but none has documented that the relationships between sleep and weight seems to attenuate in high-school samples. Our findings need to be added to the evidence base that is accumulating on this important topic and further examination of these relationships is needed. Although the patterns and mechanisms are not clear, the results do suggest that sleep is important for a healthy weight in younger adolescents and because overweight and obesity are fairly intractable after puberty, adequate sleep during this critical time period is important.
There are some important limitations to this research. We examined the relationship crosssectionally but we believe that poor sleep patterns are risk factors for developing overweight and obesity. Also, in this analysis we control for the covariates rather than study their effects in a causal pathway. An important next step will be to examine whether energy intake and expenditure have mediating effects on the relationship between sleep and weight and whether depression acts as a moderator for the relationship. Future research should also include measurement of metabolic hormones and elements of the diet beyond total calories that may be related to sleep. Finally, this research has limited generalizability and depends on self-report measures of sleep that are available in population-based research.
In a recent review of research examining predictors of unhealthy weight gain in youth, Must et al. (32) suggest that examining sleep patterns is an important new area of exploration. Although the biological mechanisms are far from clear, sleep has long been identified as an important health behavior (33); we are just now recognizing its relationship to overweight and obesity. Table 1 Descriptive statistics: overall and by gender and grade level Relationship between sleep and body fat percentage, BMI z-score, and being overweight Obesity (Silver Spring). Author manuscript; available in PMC 2012 February 1.
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